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Abstract: A new data filtering method named CVVF method, based on Vondrak filter and the technique of cross- valida-
tion, is developed for separating signal and noise in data series, and applied to study of GPS multipath effects. Numerical
simulation studies and real experiments indicate that the method is a powerful signal decomposer, which can significantly
mitigate the random error of measurement and separate successfully signal and noise. The day- to-day repeating property of
GPS multipath signal can be applied to remove efficiently the multipath disturbances in the subsequent day s GPS measure-
ment, and therefore improve the quality of the GPS coordinate results.
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?  ?:将交叉证认法与Vondrak数字滤波器相组合,提出一种分离测量资料中信号与噪声的
新方法,即 CVVF方法,并将该方法用于 GPS多路径效应的研究中?对数字模拟试验和实际观
测资料的分析表明, 该方法能最大限度地削弱测量的随机误差, 使资料序列中的信号和噪声合
理分离?同时, 利用 GPS多路径效应周期性重复的特性, 可有效地削弱多路径效应对观测结
果的影响, 从而提高 GPS定位精度?
  ????: 2004-07-13; ????: 2004-09-09
????: ??????ASD????????????( A222)
????: ?  ?(1980- ) ,?,?????,???,???? GPS????????
???:交叉证认; Vondrak滤波法; GPS;多路径效应
1  引  言
??????( Global Positioning System,??
GPS)???????????????????
?GPS???????, ??????????
?????????????(????????
?)???????????????????
???????,??????? GPS ????
?????????????[ 1]?? GPS ??
?????????, ???????????
????,??????????(??????
?????)???,????????????
???,?????????, ???? GPS ?
?????[ 1]?
???????????????????
?? GPS ?????; ??????????
?,??????[ 2]???????? MET (Mu-l
tipath Elimination Technology) [ 3]????????
????? MEDLL ( Multipath Elimination Delay
Lock Loop) [ 4, 5]???, ???????????
????????(?)???????????
????,????????????????,
??????? GPS????
???,???????????????
???GPS????????,???? GPS?
?????????, ???????????
??????????????????[ 6] ;?
??? GPS ?????? SNR ( Signal to Noise
Ratio) , ?????????????????[ 7]
????, ????????????????
?????????????, ???????
??????? FIR ( Band-pass Finite Impulse Re-
sponse Filter) [ 8] ,????WF (Wavelet Filter) [ 9]?
?????? AF ( Adaptive Filter) [ 10]?, ???
?????????????, ???????
?????????????
??????????????( Cross-val-i
dation) [ 11~ 14]? Vondrak?????[ 15]???,?
??????? CVVF ??, ?? GPS????
??????????Vondrak???????
?????????,???????????,
?????????????????????
??????, ??, ????????[ 15]??
?????????????, ???????
???
2  数学方法
2. 1  Vondrak???
?????????( x i , yi ) , ?? i = 1, 2,
, N ; x i?????; yi ??????????
????[ 15]
Q= F+ 2S= min (1)
??, F = N
i= 1
p i ( yi- yi ) 2, S = N- 3
i= 1
( 3yi) 2?
??, yi????????????; p i ???
????; 3yi?????????; F ?S ?
?????????????????2
?????????????, ???????
????????????????? 2 
+  ,???(1)????,??? S 0, ???
?????????????,??????;
? 2 0,???( 1)????, ??? F  0, ?
????????????, ????????
?,???????? = 1/ 2, ?????
??????????,??, ? ? Vondrak?
????????????, ????,??
?????????;??,???????
???,??????????,?????
????????????????(????
?)???????????????????
???????????????, ?????
?????????????????????
?, ?????????: ?????????;
???????????;?????????
???????; ?????????????
??????????[ 16, 17]?
2. 2  ?????
???????????????????
?????????????????? Von-
drak?????, ?????????????
? ????????????????,??
?????????????????????
??? ( Cross-validat ion) [ 11~ 14]????????
?? ?
???????????????????
?????????????????????
???????????????( xi , yi ) i = 1,
2, , N ????????: ????(????
N 1)?????(???? N2) ,? N2<< N 1??
?,????????? ?????????
?????,????? f,?????????
????????
C( , P ) = 1
N2 
N
2
i= 1
[ y2, i - f( x 2, i ) ] 2 (2)
??, P ??????????????; ( x 2, i ,
y 2, i ) , i = 1, 2, , N 2 ????????;
f( x 2, i) ????? f? x 2, i????????
??, ?? K ????????, ??????
?? ??????????M ??????
??,?? M ?????????? C( , P )?
??? C ( , P ) ,???????? ?C( , P)
?,?? C( , P )???? ????????
?,????????????? Vondrak ??
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??????????,??? CVVF( Cross-Val-i
dation Vondrak Filter)??
?????,?????????????
?????????????, ???????
N 2?????? N ? 5%, ?????????
????????????????????
?,????????? M = 40???????
????????, ????????????
????????????????????
?,???????????????,????
??????????,??????????
?????(?????????) , ?????
????????????????????
?????????????, ???????
????????????? ?????, ?
?????????? 70% ????????
????????
3  模拟数据分析
????????
ut= y t+ et (3)
??, et ????????, yt ?????u t ?
??????????? CVVF ???????
?????,?????????? 300 s?150 s
?40 s?????????, ?? 300 s???
?????????? 1 200 s???????
????????????
yt= 2. 0sin (2t / 1 200)  sin (2t / 300)+
0. 5sin (2t / 150)+ 0. 5sin (2t / 40) (4)
?????????? 2 s, ???? 2 000?
?1?????????????? et ????
??N(0, 2. 0)? N( 0, 3. 5)?, CVVF ?????
???????????? CVVF ??????
???????? 0. 01? 0. 000 1?
?? 1?????,??????,????
???????????? 2. 0 cm, ?????
?????(?2. 5 cm,?1 a)?, CVVF ????
??????????; ?????? 3. 5 cm
?, CVVF???????????,???? 40
s???????????????, ????
?????????????????????
???,?????????????????,
?????????????????????
???????
?1 CVVF????????: ( a)??????;
( b)???????????; ( c)?????;
( d)??????????????; ( e)??
?????????????????
Fig. 1 Simulation results of CVVF method: ( a) Simulated
signal series; ( b ) Simulated signal series plus
noise; ( c) Filtered curve; ( d) Difference between
filtered values and the simulated signals; ( e) Differ-
ence between filtered values and simulated signals
plus noise.
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  ???????????, ?????? 1
??????, ?????????,?????
?????,?????? RMS??????u t
?yt ?????? RMS ?????, ? ut ?u t
?????? RMS????????????
??(????< 0. 1 cm)??????????
?,???????????????????
??,??????????, CVVF ?????
???????????
? 1 ???????????????????? RMS?
Tab. 1  Smoothing factors and RMS values of the difference series at different noise levels / cm
???? 0. 2 0. 6 1. 0 1. 4 2. 0 2. 4 3. 0 3. 5
?????? 0. 1 0. 1 0. 1 0. 1 0. 01 0. 01 0. 001 0. 000 1
ut ? yt ?? RMS(  ) 0. 033 0. 081 0. 131 0. 177 0. 227 0. 277 0. 310 0. 457
u t ?u t??RMS(  ) 0. 197 0. 573 0. 993 1. 402 1. 969 2. 428 2. 908 3. 594
  ??, ?????? CVVF ?????,??
???????,??????????,???
?? 1 200 s,??????(1 200- k ) s, k= 50,
100, , 1 150?????????
u t= 2. 0sin (2t / 1 200)+
0. 5sin [ 2t / (1 200- k ) ] + et (5)
????? et ??????N (0, 1. 0) , ??
??????????( 4)?????????
????????????? k ????, ut ?
ut?????? RMS ?? 1. 0 cm ????; ?
u t? yt ?????? RMS ??? 0~ 0. 1 cm ?
????????????????????
?, CVVF????????????????
4  实验结果与分析
GPS???????????? B????
?????,???????????????
???,?? 2????? 2004? 3? 10?(?
???070)??, ??? SR530??? GPS??
?????? 86 m ?????????? 3?
???, ?????? 45 min????????
?,??????? 10 Hz?
?2 ?? GPS????????????????
Fig. 2  Environment surrounding GPS receiver and motion
simulation table
???????,????????,???
??????????, ?????????,?
??????,???????????????
???????, ?????????????
?????????????????????
???,??, ???????????????
????, ????????????????
??[ 1, 18, 19]?GPS ????????? 11 ??
58? 02?,???????,????????
??? 3? 56???, ???,???????
?????????? 236 s???????
CVVF ???????GPS?????, ??GPS
???????????????, ?????
?????????????? GPS???,?
?? GPS?????
GPS?????????????, ???
???????????,??????? GPS
?????????X , Y ?H ????? 3?
??????????????? 3, 4? 5??
? 3 ?????????( X ??)
Fig. 3  Raw coordinates for X direction
164 ?  ?  ?  ?                   ? 34 ?
? 4 ?????????( Y ??)
Fig. 4 Raw coordinates for Y direction
? 5 ?????????(H ??)
Fig. 5  Raw coordinates for H direction
  ?? GPS???, ???????,????
????? GPS ?????????????
?????,???????????????,
????????????????? 0. 06 Hz
? 40 mm ??; ????????????
0. 1 Hz??, ??? 40 mm ?? 20 mm, ??
20 mm?? 10 mm??????????, ???
??????????????????,??
?????????????????????
????(?? 3?4 ???????) , ????
??????????????????
???????????? GPS ????
?,???????????????????
?????,???????????????
?????????????, ? CVVF ???
??,???????,???????????
?????????? 6, 7? 8???? X , Y
?H ???????????? CVVF????
?????????
? 6 ?????????( X ??)
Fig. 6  Fitted curves for the X direction
? 7 ?????????( Y ??)
Fig. 7 Fitted curves for the Y direction
? 8 ?????????(H ??)
Fig. 8 Fitted curves for the H direction
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?? 6?7?8?????,?????????
?????????????????????
????????, ????????????
H ???????????????????
???,?????????????????
?????????????????????
??????, ??????????????
??
?????????????????, ?
?,???????????????????
???,???????? RMS???????
?????????????????????
???? ?? Vondrak??????????
?RMS??? 2??X , Y ?H ???????
???????????????? 3??
? 2 ???????????? RMS
Tab. 2  Optimal smoothing factors and RMS of noise series
Day
X Y H
??
??
RMS
/  cm
??
??
RMS
/  cm
??
??
RMS
/  cm
1 1. 0e-6 0. 121 1. 0e-6 0. 210 1. 0e-7 0. 456
2 1. 0e-5 0. 120 1. 0e-5 0. 238 1. 0e-5 0. 475
3 1. 0e-4 0. 120 1. 0e-4 0. 225 1. 0e-5 0. 496
??2?????:???????????
?????????,????????????
?RMS?????(????   0. 04 cm)???
?CVVF ?????????????????,
????????????????
?? 2??????: ??????????
?????????????????????
????????????????????,
???????????,?????????
????,????????????????,
H ??????? RMS ?? X ? Y ????
?,????????????????,???
?? H ??????????????
? 3 ?????????????????
Tab. 3 Maximum correlation coefficients between consecu-
tive multipath series
Day X Y H
1-2 0. 809 0. 684 0. 665
2-3 0. 686 0. 612 0. 543
???????????????????
??????,??? 3???,???????
???????? 0. 543? 0. 809??, ???
??????????????????[ 20]?
??  0. 22 ????( 99%?????)???
??????????,??????????
?????????????????????
?,????????????????????
????????????????????
RMS???? 4??
? 4 ????????????????? RMS?
Tab. 4 RMS of coordinate series before and after multipath
corrections are applied /  cm
Day
X Y H
??? ??? ??? ??? ??? ???
2 0. 400 0. 251 0. 622 0. 501 0. 987 0. 775
3 0. 422 0. 288 0. 591 0. 432 0. 932 0. 648
?? 4?????,??????????,
???????? RMS ?????????
35%????????????????? GPS
?????????
5  结束语
???? CVVF ??, ??????? Von-
drak ???????????, ??????
GPS???????????,???????
?:
1. ?????????????????
????,??????????????,??
?????????????????????
???????????, ?? CVVF ????
?????????????
2. ???????????????,
CVVF ??????????????????
????,?????????,???????
???????
3. ????????????, CVVF ??
??????????????, ??????
?? GPS ??????????, ??????
???????, ?????????????
?,?? GPS??????
4. H ???????RMS?? X?Y ???
??, ?????H ????????????
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